Gadolinium oxysulfide nanophosphors (Gd 2 O 2 S-NPs) have been successfully synthesized using -irradiation and hydrogenation treatment. The primary stage of Gd 2 O 2 S-NPs synthesis was carried out using various doses of -irradiation to form diverse sizes of Gd 2 (SO 4 ) 3 precursor, followed by hydrogenation treatment at 900 ∘ C for 2 hours to form Gd 2 O 2 S-NPs. Then, the nanophosphors were characterized for the structure, morphology, and luminescence properties through X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), and photoluminescence spectrometer (PL). Pure hexagonal phase of Gd 2 O 2 S-NPs was obtained with high crystallinity and without any impurities. The morphologies were observed from grain-like nanostructures transformed to spherical shape as the irradiation dose reached 40 kGy. Besides, Gd 2 O 2 S-NPs which were prepared at highest irradiation dose of 40 kGy show highest intensity of emission peak at 548 nm and corresponded to Stark level transition from the 6 G J state of Gd 3+ ion. It can be emphasized that the different doses of -irradiation influenced the nucleation event of Gd 2 (SO 4 ) 3 precursor thus affecting the morphology and size particles of Gd 2 O 2 S-NPs. Hence, from the results, it can be suggested that Gd 2 O 2 SNPs can be a promising host for optical applications.
Introduction
In the last decade, lanthanide materials have displayed the potential to be utilized as efficient phosphors in many applications, such as solar energy converters [1] , optical amplifiers [2] , and thermoluminescent dosimeters [3] . Lanthanide materials can be fabricated into nanoscale materials which exhibit extraordinary properties in comparison to bulk materials, which is ideal for a wide range of applications. Therefore, gadolinium oxysulfide nanophosphors (Gd 2 O 2 SNPs) were chosen due to its high chemical and thermal stability as well as wide band gap energy in the range of 4.6 to 4.8 eV, which is suitable for ionic doped activation [4] and efficiently reacted to become as a luminescent emitting material [5] . It has been deliberated as a host for optical activation with various numbers of rare earth ions to reveal different luminescence peaks of the activators [6] . From this point of view, Gd 2 O 2 S-NPs seem to display characteristics of a good host matrix for luminescent rare earth ions to fabricate phosphors. Furthermore, the high density of Gd 2 O 2 S-NPs (7.34 g/cm 3 ) makes it a suitable as a host for higher concentration of dopant [4] . Due to these remarkable features, this material is promising for various applications which includes radiographical applications and medical diagnostic, especially in charge-coupled device (CCD) camera for electron microscopy [7] , ceramic scintillators [8] , cathode ray tube (CRTs) [9] , and multimodal imaging agent [10] .
In terms of Gd 2 O 2 S-NPs synthesis, researchers have proposed several methods to synthesize these nanophosphors, including solvothermal method [11] , coprecipitation method [12] , microwave solid-state method [13] , vacuum firing method [14] , and microemulsion liquid method [15] . From the list above, none have utilized -irradiation to synthesize Gd 2 O 2 S-NPs. We chose to utilize -irradiation method in order to prepare Gd 2 O 2 S-NPs due to its simplicity, low cost, and chemical safety. Moreover, this method had 2 Journal of Nanomaterials the ability to form Gd 2 O 2 S in nanometer scale with high purity and high stable state [16] . The formation of Gd 2 O 2 SNPs would be attributed to the radiolysis process in aqueous solution that creates ionic radicals and reduces metal ions. In this study, when aqueous solutions were exposed to -rays, they create solvated electrons, which reduced gadolinium ions to form highly pure gadolinium metal, Gd 3+ → Gd 0 . As a result, the particles size will also be reduced. To complete the synthesis, the hydrogenation treatment was adopted in the final stage of synthesis to reduce gadolinium oxysulfate (Gd 2 O 2 SO 4 ) to gadolinium oxysulfide (Gd 2 O 2 S) after completing the deoxygenation reaction. By controlling the concentration of surfactant and starting materials of the solutions, we performed these reactions under different radiation doses in order to study the effect of -irradiation on the physical and optical characteristics of the Gd 2 O 2 SNPs such as morphology, crystallinity, particle size, and photoluminescence intensity.
Consequently, as the -irradiation method managed to control size and morphology particles of Gd 2 O 2 S-NPs at various doses, the growth mechanisms and photoluminescence properties of the Gd 2 O 2 S-NPs will be investigated and discussed in detail. 
Experimental Details

Preparation of Gd 2 O 2 S-NP .
In a typical synthesis of the nanophosphors, the starting materials of Gd(NO 3 ) 3 ⋅6H 2 O (20 mM) and CTAB (40 mM) were dissolved in deionized water. The mixture solution was stirred for an hour. Later, (NH 4 ) 2 SO 4 (30 mM) solution was added dropwise into the solution mixture and stirred continuously overnight. In order to avoid oxidation due to the oxidizing species such as hydroxyl radical, 1 ml of isopropanol was added to each of the samples before irradiation treatment. The mixture was then portioned into five samples (0 kGy, 10 kGy, 20 kGy, 30 kGy, and 40 kGy) and irradiated with Cobalt-60 gamma source with a dose rate of 1.45 kGy/h under atmospheric pressure and room temperature. Meanwhile, the 0 kGy sample was used as a control. The solid precipitates were obtained via centrifugation (4000 rpm) before being purified and dried in air at ambient temperature overnight. Afterwards, the final products were obtained through a heat treatment at 900 ∘ C for 2 hours in the flow of hydrogen gas. Finally, after cooling down to room temperature, the Gd 2 O 2 S-NPs were obtained in powder form.
Characterization Techniques.
The X-ray diffraction (XRD) measurements of Gd 2 O 2 S-NPs samples were carried out in the reflection mode with a Bruker X-ray diffractometer that operated at 40 kV voltages and a current of 40 mA with Cu K radiation ( = 0.15406 nm). The continuous scanning rate, 2 range from 20 ∘ to 80 ∘ used for phase formation determination, was 5 ∘ (2 ) min −1 . The morphology and size of the samples were inspected by the field emission scanning electron microscopy (FESEM-Carl Zeiss, Supra 35VP) imaging. Meanwhile, the photoluminescence spectra of the samples were gathered over a range 400-800 nm via FLSP920 Edinburgh spectrometer. Figure 1 shows the XRD patterns of Gd 2 O 2 S 2 -NPs at different irradiation doses. The diffraction peaks of all samples (0-40 kGy) were indexed as pure hexagonal phase and perfectly match the reference pattern of JCPDS card number 00-026-1422. As the irradiation doses were increases, the XRD patterns exhibit minimal changes but no other phase was produced. Apart from that, the sample irradiated with 40 kGy shows the best crystalline pattern with a strong and sharp diffraction peaks. The calculated lattice constants (a = b = 3.853Å, c = 6.665Å) were similar to the hexagonal phase of Gd 2 O 2 S from reference data (a = b = 3.852Å, c = 6.665Å). Thus, we can confirm that the pure oxysulfide phase was obtained without any impurities. In addition, the average crystallite sizes of particles were calculated using Scherrer's equation:
Results and Discussion
X-Ray Diffraction Analysis.
where ℎ defines the size along the (ℎ ) direction and is a constant (0.941), where and are diffraction angle and full-width at half maximum (FWHM), respectively. 
FESEM Analysis.
The typical FESEM images of the produced Gd 2 O 2 S-NPs morphologies as shown in Figure 2 reveal that the product mainly consists of grain-like nanostructures which transformed into spherical shape as the irradiation dose reached 40 kGy. The grain-like nanostructures displayed a length × width of ∼200 nm × 50 nm, meanwhile the spherical shape morphology displayed a diameter of 10 nm to 30 nm. The evolution of Gd 2 O 2 S-NPs morphology from grain-like to spherical was observed as the irradiation dose increases. Moreover, the sample with 40 kGy irradiated dose in Figure 2 (e) shows a well dispersed surface of morphology compared to the other samples at lower doses (0-30 kGy). Therefore, the -irradiation could generated more defined structures and also homogeneous particles size distribution. It can be presumed that the morphological changes are a consequence of radical linkage and hydrated electron (e aq − ) affecting the CTAB aqueous solution in certain path [17] . Thus, it forms a new capping layer on the Gd 2 O 2 S-NPs surfaces due to the structures modification of CTAB, resulting in the formation of the spherical shape of Gd 2 O 2 S-NPs, as shown in Figure 2 (e) [18] . Additionally, CTAB also plays an important role in limiting the growth of the particles shape by selectively or more strongly binding to various emerging crystal facets [18] . In this occasion, Gd 2 O 2 S-CTAB complex compound was formed. Due to this reason, the Gd 2 O 2 S particles evolved into a more defined shape [19] . At higher doses, the CTAB structures become more complex and inhibiting the aggregation of Gd 2 O 2 S-NPs by forming a thin layer of single particle which is well dispersed in the solution. Therefore, this explains the predominant formation of smaller and scattered Gd 2 O 2 S-NPs at higher doses as observed in Figure 2 (e).
Mechanisms of Gd 2 O 2 S-NP Formation.
The morphology changes of Gd 2 O 2 S-NPs can be attributed to the radiolysis treatment in aqueous solutions that provides an efficient method to reduce metal ions [20] . Aqueous solutions containing isopropanol exposed to -irradiation lead to the formation of hydrated electrons (e aq − ) and primary species [16] . These free radicals may present a destructive effect to the CTAB structures resulting in separating of the cluster capped particles of Gd 2 O 2 S-NPs (Figure 2(a) ) to single capped particles (Figure 2(e) ). Equation (3) shows the reduction of primary ions, Gd 3+ to neutral Gd 0 , which have been formed during the primary reaction by dissociation of gadolinium nitrate and ammonium sulfate in DI water. Afterwards, ammonium nitrate ((NH 4 )(NO 3 )) and gadolinium sulfate (Gd 2 (SO 4 ) 3 ) formed as products for the secondary reaction, as shown in (4).
During the radiolysis process, -irradiation increases the nucleus event of the precursors. At lower absorption doses, the nucleation event is lower than total ions; hence larger particles are obtained. Meanwhile, at higher absorption doses, the nucleation event is higher than total ions, thus creating smaller particles in the aqueous solution [16] .
In order to complete the synthesis of Gd 2 O 2 S-NPs, hydrogenation process was applied. This process is considered the best approach to fabricate the nanophosphor into complete form, due to its straightforward process and nonutilization of toxic carbon disulfide (CS 2 ) or hydrogen sulfide (H 2 S) [21] . As the temperature reached 700 ∘ C, the precursor of Gd 2 (SO 4 ) 3 started to turn into Gd 2 O 2 SO 4 (5) due to oxygenation reaction from the calcinations process.
Afterwards, the precursor of Gd 2 O 2 SO 4 undergoes calcination at 900 ∘ C for 2 hours with the flow of hydrogen gas by placing the sample into tube furnace. Soon after, deoxygenation reaction has taken place by removing oxygen ion, O 2− from the Gd 2 O 2 SO 4 precursor (6) due to combination of the hydrogen gas, H 2 with the oxygen to form water, H 2 O which becomes the excess product. Consequently, the desired final product of Gd 2 O 2 S-NPs was successfully obtained.
Photoluminescence Study.
Gd 2 O 2 S-NPs have been known to be excellent host material as doping activation ion due to their own luminescence behaviour [22] . In order to confirm the existence of these properties, we carried out the photoluminescence measurements at room temperature under 300 nm UV excitation wavelength. The emission spectra of Gd 2 O 2 S-NPs at various irradiation doses are shown in Figure 3 . It shows that the intensity of emission spectra significantly increases with the increasing ofirradiation dose. Therefore, the emission spectra of 40 kGy sample show the highest intensity peak located at 548 nm which corresponded to the green emission compared to the other doses. This green emission corresponded to the Stark level transition from the 6 G J state of Gd 3+ ion [23] . In addition, the red emission peak can also be seen at 621 nm, which is matching to the 6 G J → 6 P J transition [23] . The emission spectrum of the samples (0-40 kGy) does not exhibit strong and sharp peaks, but displays wide and broad peaks due to the absence of trivalent rare earth doping activation ion such as Europium ion (Eu 3+ ), Praseodymium ion (Pr 3+ ), and Terbium ion (Tb 3+ ) [24] . The absence of these doping activation ions ruled out the transition of emission between conduction band and valance band. This implicates that the weak emission either comes from deep-level or trap-state emission [25] . However, the 40 kGy still managed to produce high intensity and widened peak of emission spectra compared to the other samples. Meanwhile, for the samples at lower irradiation dose (0-30 kGy), the quenching Journal of Nanomaterials 5 effect occurred on the photoluminescence spectrum. These phenomena appeared due to the large particles size and rough surface phase formations, as proven on the FESEM images (Figures 2(a)-2(d) ). From the results formation of these particles, it can restrict the emission occurrence.
In conclusion, the crystallinity, lattice constant, and morphology will affect the surface state of particles in order to obtain well define energy band gap or excitonic emission [26] . It can be emphasized that the particles size distributions with spherical shaped of Gd 2 O 2 S-NPs may also play a major role in the emission origination.
Conclusion
In summary, the -irradiation method plays an important role in order to control the phase surface and morphology of Gd 2 O 2 S-NPs combining with a heat treatment process. The Gd 2 O 2 S-NPs obtained with hexagonal phase with no other phases introduced as the irradiation dose achieved 40 kGy. The photoluminescence studies show that the intensity of emission spectra also increases with increasing irradiation dose; this happened due to the particles size decrease homogeneously on the volume and surface. Hence, theirradiation method not only has the advantages of simplicity, low cost, and chemical safety, but also has the ability to produce well dispersed and nanosized particles. We hope that this method will become a promising approach in order to synthesize good forms of the other nanophosphors in the future.
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